fluid, increasing the resistance to flow into higher permeability zones, leading to a build-up of pressure that helps to force the stimulation fluid into the lower permeability zones [23] . Once the treatment is complete, the viscosity breaks in contact with hydrocarbon during flow back. Compared to polymer, the surfactant leaves no residue on the wormhole surfaces and requires very low cleanup pressure [24] .
Betaine zwitterionic surfactants as an excellent type of viscoelastic surfactants are widely used in this area. Many researches have been carried out [25] [26] [27] [28] [29] . However, these surfactants have some faults in real application in oil field. As is known to all, acid solution can be thickened by these surfactants when the concentration of acid is at the particular diverting concentration. But their diverting concentrations were too high or too low. For example, the diverting concentration of erucyl dimethyl amidopropyl betaine (EDAB) is too high (about 4.42 mol L -1 ), while the diverting concentration of oleicyl dimethyl amidopropyl betaine (ODAB) is too low (about 1.4 mol L -1 ). That brings some difficulties to control the rheology of working fluid in practical application. To combat these problems, new betaine zwitterionic surfactants which can form a viscoelastic fluid at a medium diverting concentration need to be designed.
In this paper, a novel betaine zwitterionic surfactant gondoyl dimethyl amidopropyl betaine (GDAB) was designed and synthesized. The reaction conditions were optimized. Besides, the properties of GDAB acid solution were investigated.
Experimental procedure

Materials
Gondoic acid (90%) and EDAB-Sipo (active concentration: 30 wt%, solvent: pure water) were purchased from Sipo Co., Ltd (China). N,N-dimethyl propylene diamine(99%) was purchased from Alfa Co., Ltd. Methanol, ethanol, isopropanol and sodium chloroacetate were all analytical pure and obtained from Chengdu Kelong Chemicals Co., Ltd (China). All chemicals were used without further purification. Infrared spectra were recorded on a PerkinElmer IR 883 instrument (Beaconsfield, UK) with samples as KBr disks.
1 H nuclear magnetic resonance (NMR) spectra were recorded at 600 MHz with an AM 600 (Bruker, Switzerland) spectrometer on samples in CDCl 3 .
13 C nuclear magnetic resonance (NMR) spectra were recorded at 600 MHz with an AM 600 (Bruker, Switzerland) spectrometer on samples in CDCl 3 . The kinematic viscosity was measured with viscometer (NDJ-79).
Synthesis
Synthesis of N,N-dimethylgondoylamine
N,N-dimethylgondoylamine was synthesized according to the pathway shown in Scheme 1. An appropriate amount of melted gondoic acid (46.58 g, about 150 mmol) was added to a three neck flask, then a right amount of N,N-dimethylpropanediamine (15.30~17.60 g, about 150~172.5 mmol) was added dropwise with magnetic stirring and the temperature was increased gradually to a given temperature (150~180°C). The mixture was refluxed at the reaction temperature for 7 h. Unreacted dimethylaminopropylamine and water were removed by vacuum distillation.
2.2.2.
N,N-dimethylgondoylamine (47.36 g, about 120 mmol) was dissolved in petroleum ester. Hydrogen chloride gas (the flow rate: 150 mL h -1 ) was fed to the solution at room temperature, and then filter the solution, and a white paste solid (N,N-dimethylgondoylamine hydrochloride) was obtained. The solid was dried in a vacuum oven to constant weight at 50°C. And the product yield was calculated by weight. The structure of N,Ndimethylgondoylamine hydrochloride was confirmed by IR and 1 HNMR Fig. 1 22.59, 24.40, 24.89, 25.93, 27.15, 29.24, 31.83, 34.17, 35.93, 36.73, 43.28, 55.51, 129.82, 175.99. 
Synthesis of GDAB
N,N-dimethylgondoylamine hydrochloride (43.11 g, about 100 mmol) was dissolved in alcohol-water solution (about 50 g), added an equimolar amount of NaHCO 3 (8.4 g, about 100 mmol) with stirring at room temperature for 0.5 h. Afterwards, an appropriate amount of sodium chloroacete (12.81 g, about 110 mmol) was added and the mixture was refluxed at the reaction temperature (50~80°C) for several hours (4~9 h). After reaction, a yellow low viscosity solution was obtained. The structure of GDAB was confirmed by IR. Fig. 2 shows the IR spectrum of GDAB. The peaks at 3427 cm -1 , 2920 cm -1 and 2844 cm -1 indicate the presence of -N-H and -C-H (-CH 2 -) groups stretching vibration. The absorption bands at 1650 cm -1 corresponds to the C=O stretching vibration. The peak at 1540 cm -1 was considered as the -COO -group vibration. The adsorption at 1388 cm -1 is due to the stretching vibration of -C-N group.
Viscosity measurement of viscoelastic surfactant acid solution
Live acid
A live acid was prepared in 100 mL beaker by dissolving the required quantity of hydrochloric acid (11.8 mol L -1 ) in deionic water. The viscoelastic surfactant was added to this mixture while stirring. Afterwards, the mixture was ultrasound by ultrasonic for 20 min, followed by placing into temperature constant water bath. The viscosity was measured with viscometer (NDJ-79).
Spent acid
In order to get much information about acid-carbonate reaction kinetics, the spent acid solution was prepared according to acid-carbonate reaction stoichiometry relationship. Namely, the chlorine ion concentration must keep constant [27, 30] . A simulated spent acid was prepared in 100 mL beaker by dissolving the required quantities of calcium chloride and hydrochloric acid (11.8 mol L -1 ) in deionic water. The viscoelastic surfactant was added to this mixture while stirring. Afterwards, the mixture was ultrasound by ultrasonic for 20 min, followed by placing into temperature constant water bath. The viscosity was measured with viscometer (NDJ-79). Synthesis and acid solution properties of a novel betaine zwitterionic surfactant obtained through dehydrating the ammonium salt at a high temperature. Therefore, the molar ratio of gondoic acid /amine and the reaction temperature on the synthesis of tertiary amine intermediate had great impact. In this paper, the conditions of the molar ratio of gondoic acid /amine and the reaction temperature were optimized through calculating the yield of N,N-dimethylgondoylamine hydrochloride.
Results and discussion
Optimization of synthesis
In Fig. 3 , the reaction temperature was 160°C. The yield of N,N-dimethylgondoylamine hydrochloride was the highest when the molar ratio of gondoic acid/amine was over 1.00:1.08. As the reaction temperature was very high, the amine might not be sufficient to react with gondoic acid because a small amount of amine was evaporated which caused a low yield of product. When the molar ratio is less than 1.00:1.08, the yield has rebounded. In fact, N,N-dimethylpropanediamine is so expensive that it has been impractical and difficult to promote the application in industry if the molar ratio is less than 1.00:1.10. Considering the cost of N,N-dimethylpropanediamine, the ideal materials ratio should be 1.00:1.08.
In Fig. 4 , the molar ratio of gondoic acid to N,N-dimethyl-1,3-propylenediamine was 1.00:1.08. The product yield at 160°C was better than the reaction temperature at 155°C, because the lower temperature decreased the rate of dehydration. However, when the temperature was over 160°C, the yield of N,N-dimethylgondoylamine hydrochloride was reduced. This can be explained by the amine might not completely reacting with gondoic acid and evaporating which can affect the yield of product. In addition, the color of product was gradually deepened as the reaction temperature was raised. This is because the amine is oxidized by oxygen in air at an over high temperature.
In traditional synthesis processes, water was used as solvent in quanternization reaction [12] . But the solubility of amines is decreasing in aqueous system as the carbon atoms in chain are increasing and sodium chloroacetate solution needs to be added dropwise in order to avoid forming gel to block the reaction. In addition, as the target material is synthesized, the viscosity in reaction solution is also increasing, which makes the reaction more difficult. In order to solve these problems, alcohol-water system as solvent system was used, and methanol-water, ethanol-water and isopropanol-water as solvent system were selected for the quanternization reation. In addition, the effects of reaction time and reaction temperature were investigated. The reaction was monitored by thin-layer chromatography (silica gel plates) with a mixture of methanol/CHCl 3 (1:3 vol/vol) as the eluent and the active material was determined [31] .
After a series of experiments, we clearly found the yield of quanternization reaction was best as the ratio of methanol/water was 20% at 60°C for 6 h. The results are presented in Figs. 5, 6 and 7.
Effect of temperature on live acid viscosity
In Fig. 8 , the HCl concentration is 6.02 mol L -1 and the surfactant concentration is 5 wt%. The measurement temperature ranges from 30 to 80°C. Fig. 8 indicated that viscosity of live acid firstly increased and then decreased with the increase of measurement temperature. There is a peak value for the viscosity of live acid at 50°C. The possible explanation for this behavior is that the micelle motion is controlled by temperature. As temperature increases, the rate of micelle motion will increase, which leads to accelerating entanglement of worm-like micelles to build a transient network at low temperature. On the contrary, the motion can weaken entanglement of worm-like micelles at high temperature, resulting in breakage of net-structure and reduction of live acid viscosity. As the entanglement rate of micelles equals to the separation rate of micelles, live acid could exhibit the maximum viscosity and the value of temperature resistance reaches the maximum point.
Effect of surfactant concentration on live acid viscosity
In Fig. 9 , the HCl concentration is 4.42 mol L -1 . As shown in Fig. 9 , the live acid viscosity was mainly manipulated by surfactant concentration and temperature. The viscosity of live acid exhibited small increase while surfactant concentration increased from 1 to 3 wt%. And then, it showed a drastic increase. It indicated that the surfactant concentration dominates when the surfactant concentration is above 3 wt%. Besides, there was no obvious difference for live acid viscosity at low surfactant concentration. Temperature also plays a major role in controlling live acid viscosity, especially when the surfactant concentration is above 3 wt%. The viscosity of live acid solution was increased with increasing the temperature. The viscosity reached the maximum value when the temperature was at 50°C. The viscosity sharply decreased as the temperature continued to increase. 
Effect of hydrochloric acid concentration on viscosity of spent acid
In Fig. 10 , the concentration of GDAB product is 5 wt% and the HCl concentration ranges from 0.55 to 6.02 mol L -1 . The measurement temperature ranges from 30°C to 80°C. As shown in Fig. 10 , the viscosity of acid solution was increasing with decreasing HCl concentration. When the concentration was 2.28 mol L -1 , the viscosity reached the maximum point. It indicated that the diverting concentration of GDAB is 2.28 mol L -1 . One possible explanation for the viscosity buildup is that the surfactant molecules mainly form spherical micelles in strong acid environment. As the concentration of acid is decreased with increasing the concentration of Ca 2+ , the surfactant molecules form rod shape micelles in spent acid solution. The rodshaped micelles significantly increase the viscosity of spent acid solution. Entanglement of these micelles results in a 3D structure (like polymers), which imparts viscoelastic properties to the solution [21] . However, if hydrogen ion concentration is too low, the rod shape micelles will convert into spherical micelles which break the 3D structure and the viscosity of spent acid solution is dramatically decreased.
Effect of temperature on viscosity of spent acid
In Fig. 11 , the GDAB spent acid solution is prepared under the following conditions: the HCl concentration is 2.28 mol L -1 and the surfactant concentration is 5 wt%. As the diverting concentration of EDAB is 4.42 mol L -1 , the EDAB spent acid solution is prepared under the following conditions: the HCl concentration is 4.42 mol L -1 and the surfactant concentration is 5 wt%.The measurement temperature ranges from 20 to 80°C. Fig. 11 indicated that the viscosity of GDAB working fluid first increased and then decreased with the increase of measurement temperature. It reached the peak value for acid solution viscosity when the measurement temperature is 50°C. It could be explained by the fact that the micelle motion is controlled by temperature and the rate of micelle motion will increase with increasing temperature. The micelle motion can help build dimensional net-structure by accelerating entanglement of worm and flexible rod-like micelle at low temperature. On the contrary, entanglement of worm and flexible rod-like micelle can be broken by the motion at high temperature, resulting in breakage of netstructure and reduction of spent acid viscosity. When the entanglement rate of micelle equals to the separation rate of micelle, the temperature is the maximum temperature Synthesis and acid solution properties of a novel betaine zwitterionic surfactant which working fluid could exhibit the maximum viscosity.
In Fig. 11 , compared with EDAB-Sipo, it was clearly found that the synthesized GDAB had better performance in temperature resistance and thickening acid solution. This indicated that the product gained from the alcoholwater system is superior to the product gained from pure water. The main reason is that the content of active material in the synthesized GDAB solution is higher than EDAB-Sipo.
Besides, the synthesized product could be quickly dissolved to form a transparent spent acid solution by stirring in 20 minutes. However, there still existed some paste particles in the spent acid solution of EDAB-Sipo after stirring the solution for 2 h. This indicated that the synthesized product has an excellent solubility. It is very useful to simplify the procedures for preparing the acid working fluid, which is greatly important and helpful for the practical application in acidizing stimulation in oil field.
Effect of surfactant concentration on spent acid viscosity
In Fig. 12 , the chloridion concentration is 2.28 mol L -1 . The cations are composed of hydrogen ion and calcium. Surfactant concentration ranges from 1 to 5 wt% and the measurement temperature is 30°C. As indicated in Fig. 12 , the viscosity of spent acid increased as the surfactant concentration increased. The maximum value of viscosity spent acid nears to 340 mPa s -1 when the surfactant concentration was 5 wt%.
Conclusions
In this paper, a novel betaine zwitterionic surfactant gondoyl dimethyl amidopropyl betaine (GDAB) was successfully synthesized. The reaction conditions were optimized: N,N-dimethyl-N'-gondoyl-1,3-propylenediamine was synthesized by the reaction of gondoic acid with N,N-dimethyl-1,3-propylenediamine at 160°C for 6h, then the intermediate was reacted with sodium chloroacetate in methanol-water system (methanol / water: 20%) at 60°C and the product was obtained after 6 h.
Acid solution could be thickened by GDAB due to formation of a large amount of rod-shape micelle. The viscosity of GDAB acid solution could dramatically increase with decreasing hydrochloric acid concentration. There existed to be a maximum viscosity of GDAB acid solution when HCl concentration was 2.28 mol L -1 at 50°C, indicating that it could be used in low temperature oil and gas reservoir. The acid viscosity was mainly manipulated by surfactant concentration, acid concentration and temperature, especially for temperature. 
